Probabilities of occurrence for a number of the symmetries and other sequence regularities found in DNA-protein interaction site sequences have been calculated for segments of random DNA sequence. Results show that many of the symmetrical and repetitive features seen in these interaction sites are likely to have occurred by chance. Other features are so unlikely to have occurred by chance that they are probably involved in the DNA-protein interaction processes.
INTRODUCTION
Jacob and Monod predicted that regulation of transcription would occur at the molecular level, brought about by interaction between a regulator species and certain defined genetic loci on the chromosome. They postulated that negative control elements which inhibit transcription, termed repressors, would be small protein or RNA molecules. It was shown by the isolation of the repressor function by Gilbert and Muller-Hill for the E. coli lac system and by Ptashne for the > phage system that repressors were, in fact, proteins.
The operator was defined genetically as the locus of repressor action . Both Inspection of these sequences reveals the following common features.
There is the presence of some form of symmetry in all of the sequences. These symmetries have been discussed as being of possible signficance in DNA-protein interaction by the workers who reported the sequences. Various types of symmetry which are found at these sites are illustrated in figure 1. There is true 2-fold molecular symmetry in which atomic centers in all symmetrical nucleotides are symmetrical about a 2-fold axis (figure la). Such symmetry appears, upon examination of a single strand, as a complementary palindrome, a. TRUE 2-FOLD MOLECULAR SYMMETRY (COMPLEMENTARY PALINDROME)
G-G-A-C-C-G-A-T-C-G-A-T-C-G-G-T-A-C Complete C-C-T-G-G-C-T-A-G-C-T-A-G-C-C-A-T-G ( Ax is between nucleotides) A-A-T-G-A-C-C-G-G-A-C-C-G-G-T-C-A-G-C Complete T-T-A-C-T-G-G-C-C-T-G-G-C-C-A-G-T-C-G ( Axis a t a nucleotide)

A-T-C-G-T-G-G-A-C-G-A-C-T-A-C-G-G-G Hyphenated T -A -G -C -A -C -C -T -G -C -T -G -A -T -G -C -C -C ( A x i s between n u c l e o t i d e s )
b . TRUE PALINDROME Before determination of protein interaction site sequences, it was proposed that 2-fold symmetry would be found to play a role in protein-DKA inter- 
G-C-T-C-A-T-G-A-T-G-G-T-C-G-T-A-A-T-G-C Hyphenated C-G-A-G-T-A-C-T-A-C-C-A-G-C-A-T-T-A-C-G (Axis between n u c l e o t i d e s ) C. TRANSLATIONAL SYMMETRY (REPEATING SEQUENCES)
Region protected by lac repressor features are likely to have been chance occurrences, to be assigned no particular importance unless later structural studies prove otherwise, and which are such rare occurrences that they are probably required for the recognition and binding processes.
RESULTS AND DISCUSSION
We have used the probability of occurrence of different symmetries and other sequence regularities found in random DNA segments to predict the probability of occurrence of such features in DNA segments known or suspected to bind protein specifically. This information has allowed us to examine the statistical significance of the presence of sequence regularities in these DNA segments. Using this information we have been able to specify which sequence regularities are likely to be implicated in prorein recognition.
In order to predict the occurrence of symmetry in random segments of we have used the following foo the binomial distribution function, 19 DNA, we have used the following formula , which is a standard expression of N : which yields the probability, P, of an event happening B times in N trials.
In this formula P is the probability of occurrence of symmetry to the extent specified by the formula, N is the total number of nucleotides examined on one side of the symmetry axis, B is the number of these nucleotides which are symmetrical, (N-B) is the number of these nucleotides which are not symmetrical, X is the probability of a given nucleotide being symmetrical, and (1-X) is the probability that it is not symmetrical. In this analysis, the event for which a probability is calculated is the matching of bases in symmetrical positions with respect to axes drawn perpendicular to a polynucleotide sequence. The number of trials is determined by the number of bases on one side of the axis. occurrences of the symmetry, for which the probability is to be calculated.
We would like to know the probability of one or more occurrences of the symmetry. If B' is set to zero then the probability of zero occurrences of the symmetry can be calculated. 100% -(the probability of zero occurrences) = (the probability of one or more occurrences). In our example, the probability of zero occurrences of 4/6 symmetry in a 50 nucleotide long segment is 5.2%, so the probability of one or more occurrences is 94.8%. Such calculations have been done for various symmetries found in various sized DNA segments. Table 2 shows a compilation of results from calculations of this type.
To test the correct application of the formula and the accuracy of the calculated probabilities, our computer was used to generate over 14,000 random sequences and search them for symmetrical sequences. Results of these calculations are given in table 3. In all cases, with numbers large enough for statistical accuracy, the observed occurrence of symmetries agreed very uell with the occurrence predicted by two successive applications of the formula.
As shown in tables 1 and 2, the expected frequency of occurrence of many palindrome type sequences is quite high. These results are in general agreement with the report of Gralla and DeLisi that a high degree of possible base-pairing is found in random sequences of single-stranded RNA.
One can look at the probability of occurrence for palindrome symmetry in two ways. It is tempting to assume that once the sequence of a known control region has been determined, any sequence regularity found within it has biological significance. By this assumption the discovery of 7/13 symmetry, which might allow formation of a looped structure, out of a protein protected segment 50 nucleotides long, implies that this symmetry plays a significant role in the interaction process. Our results cast doubt on such an interpretation. We feel that it is more valid to reason that because of the high frequency of occurrence of some palindromes (70% chance in this example), the finding of symmetry within control regions is not necessarily significant.
Clearly, if a symmetrical sequence at one position in a DNA segment were known to be involved in binding a specific protein with each symmetrical nucleotide contributing to ths recognition process, the probability of random Table 2 -Values of P were calculated using the formula and procedure given in text. Values are probabilities of one or more occurrences in DNA of the given lengths. It may be mentioned that if we calculate the probabilities of only a single occurrence, the value will reach a maximum and then decrease as the sire of the DNA increases, instead of approaching 100Z asymptotically as does the probability of one or more occurrences.
sidered. An important sequence, whether it is part of the symmetry or not, cannot be picked out just by inspection. As calculated by the formula, a symmetry of 7/13, which may contain any of many possible nucleotide sequences has a 2.43% chance of occurrence in any one position in a random DNA segment 26 nucleotides long, and a 70% chance of occurrence in a random DNA segment 50 nucleotides in length (table 2) . Therefore, this degree of symmetry is actually expected to occur. The appearance of such a symmetrical sequence in a segment of T>NA known to bind protein should be assigned little significance unless more direct information is available to confirm its importance.
The formula given above is also applicable for calculating the probability of the occurrence of regions of high A-T or G-C content. In this case, X = (1 -X) = 0.5, for a completely random sequence. Calculations have been done for various sized regions of A-T and G-C content with varying degrees of G-C or A-T concentrations. Table 4 provides a compilation of data of this type.
Again, probabilities are given for the specific base concentration or greater.
Protein interaction site sequences shown in Table 1 . In this case B/N represents the number of base pairs that are either A-T or G-C out of the total region considered, e.g.,
5/7 -A-A-A-G-G-A-A--T-T-T-C-C-T-T-
Again P is given as the probability of (B or greater)/K identical base pairs in a group. It should be noted that probabilities given here are for occurrence of a base pair concentration rich in one defined base pair. If the region may be either A-T or G-C rich the probabilities given here should be doubled. The symmetry present in lac operator is striking in its extremely low probability of expected random occurrence. Here, with 28 of 34 nucleotides (14/17) involved in true molecular symmetry (complementary palindrome symmetry) , the probability of occurrence of such an event at any one position on a DNA segment is 0.000114%. Symmetry this rare suggests that the symmetrical nucleotides play a crucial role in the DNA-protein interaction at the i-Lic operator site. Possibly this extensive true two-fold symmetry matches true two-fold symmetry in protein contact points on the repressor molecule.
The mechanism of DNA-protein interaction and the exact role of the symmetry is still a matter of debate. One of the more popular proposed mechanisms for protein binding of sequences containing complementary palindromes 14 has been the formation of a loop structure at the binding site . A large loop structure would be a prominent feature on the DNA recognized because of its size and shape as well as sequence. The symmetry found in the lac operator is such a unique and unlikely occurrence, that one may propose that the degree of symmetry alone, producing a particular loop size, may be recognized by the lac repressor with only minor effects from the sequence. Our statistical data, shown in table 2, suggest that most of the degrees of symmetry observed in DNA-protein interaction sites are expected to occur in random segments much smaller than E. coli DNA, and so should occur hundreds or thousands of times on a random segment the size of E. coli DNA. A specific symmetrical site could only be recognized on the basis of its specific sequence.
The lac symmetry should not occur in random DNA segments smaller than about 200,000-500,000 base pairs, and so should be present a few times on a random segment the size of E. coli DNA. In real E. coli DNA, most of these 14/17 symmetries could be lost by selection, or necessary constraints for loop formation such as hyphen positions, or G-C content could make the specific lac The symmetry present in tyrosine t-RNA promoter region is also highly unlikely to have occurred by chance (P at one position = 0.00376%). Since the promoter region sequence was not determined by isolation of the segment of DNA True palindromes in the sequence of the L-strand of SV40 DNA which precedes the preferred initiation site of E. coli RNA polymerase. Sequence of nucleotides 16-57 is derived from the L-strand transcript by using + HinG DNA fragment as template, and nucleotides 1-15 is derived by using Ad2 ND3A DNA as template.^ Sequence of nucleotides 47-65 is derived from the E-strand transcript by using intact SV40 DNA as template, and a sequence of 160 nucleotides beyond nucleotide 65 has been reported. 32 The RNA polymerase binding site, which represents the preferred initiation site for the E-strand transcript, is presumably within nucleotides 1-46. This sequence was also searched for complementary palindromes. The most significant complementary palindrome in this region is a 6/9 match at position 43. P = 1.0% at any one position. 
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FIGURE 6-The region of X DNA and 080 DNA cleaved by the ter function endonuclease to generate the cohesive ends. The arrows point to the sites of cleavage. The 5/8 complementary palindrome symmetry is outlined by underlining the nucleotides involved. In 080 DNA the two A-T pairs in parenthesis replace the G-C pairs present in the x sequence.
It is not possible to present any theory on the mode of interaction between regulator proteins and DNA from the results presented here. However, we have been able to show that many of the symmetrical sequences present in DNA-protein interaction sites are expected to occur by chance, and, therefore, without further evidence should not be assumed to be involved in the interaction process. Some symmetrical sequences found at DNA-protein interaction sites are highly unlikely to have occurred there by chance and so are more likely to be present to perform some specific role in the interaction process. As it has been pointed out by Wu, Bambara and Jay , adjacent alternating G-C and A-T rich regions are present in all of the sequences shown in figure 2 , and are very unlikely to have occurred by chance in each case. These nucleotide concentrations should also be expected to be involved in the biological function of the regions. Additional conclusions concerning these sequences await the detailed structural studies of the DNA-protein complexes at each of these sites.
